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ABSTRACT

Liquid-fuel Molten Salt Reactors (MSRs) allow for continuous online fuel treatment and processing using
a variety of subsystems. Among these subsystems, the off-gas system (OGS) continuously removes fission
products from the primary fuel salt through a helium sparging process. Accurately modeling fission
product behavior is paramount for the development of MSRs; while there are a variety of depletion
modeling and simulation tools that allow for removal of material from a defined system, most of them work
in a semicontinuous, batch-wise manner. The new tools implemented into TRITON, in the SCALE suite
for reactor analysis and design, aim to address this issue by implementing truly continuous material feeds
and removals. In addition, material accountancy is enhanced in these tools, which enable tracking of
removed material in user-specified mixtures. These continuous depletion tools provide a way to model
material transport throughout systems more efficiently and accurately. This report validates the new
SCALE MSR modeling capabilities using data from the Molten Salt Reactor Experiment (MSRE). After a
framework was established for deriving realistic removal rates based on design specifications, these rates
were used by TRITON to continuously remove specific elements while performing burnup calculations.
Results were compared to those obtained in MSRE, with a focus on the '*3Xe poison fraction. After these
capabilities were validated, the learned concepts and best practices were applied to model the Molten Salt
Breeder Reactor (MSBR) and the Molten Salt Demonstration Reactor (MSDR) to study the effects of
continuous fission product removal in fuel salt reactivity, as well as the lifetime effects.

1. INTRODUCTION

Among the recent initiatives for development of advanced reactor systems, liquid-fuel molten salt reactors
(LF-MSRs) are gaining more interest, as detailed in the Third Way report on private investment in
advanced nuclear reactors (ANRs) [7].Having the appropriate modeling and simulation tools is critical for
development and licensing. Most tools have been developed for modeling light water reactors (LWRs) and
are less appropriate for non-LWR reactors due to factors such as the phase and flow of the fuel. Therefore
the appropriate tools and approaches for MSRs must be developed, with the ultimate goals of generating
designs and licensing approved tools.

In an LF-MSR, the fuel is in liquid form, specifically, a molten salt such as LiF-BeF; (FLiBe) salt
containing dissolved fissile and fertile material. Fuel is circulated throughout the primary fuel loop (PFL)
and undergoes irradiation when passing through the core region. Historically, operational experience with
MSR technologies only existed during the Aircraft Reactor Experiment (ARE) and the 7.5 MWth Molten
Salt Reactor Experiment (MSRE) [20]. Due to the phase of the fuel, use of these types of ANRs presents
several opportunities, as well as challenges. Among these opportunities is reduced fuel pre-processing and
the incorporation of subsystems for online fuel treatment that continuously treats and removes fission
products and adjusts fissile concentration of the primary fuel loop salt (PFL-S). For example, in the MSRE,
the off-gas system (OGS) was used to sparge gaseous fission products out of the PFL. Modeling
liquid-phase fuels that continuously flow all throughout the PFL components presents a unique challenge.
The appropriate tools will be selected based on the phenomena being studied. When simulating LF-MSRs,
the change in isotopic composition in the PFL. must be modeled while keeping track of materials flowing in
and out of the system. This can be accomplished by defining mass transfer constants based on design
specifications between subsystems. This is important not only from a reactor design perspective, but also
from a safety standpoint, as radioactive elements have different pathways that take them out of core—an



issue not present in conventional fixed fuel LWRs. Hence, it is important to track source terms throughout
the system and subsystems to understand the life cycles of radioactive materials, their inventory, and other
safety parameters that will ensure that system design is effective and that anticipated requirements are met
regarding decay heat removal capacities, shielding of out-of-core components, appropriate holdup tank
volumes, efficient charcoal bed systems, etc. Furthermore, it is important to understand the transport of
some of these fission products from a neutron economy perspective. Many MSR concepts are envisioned to
be breeder systems, and poisonous fission products such as '>Xe have a significant negative impact on
breeder potential. Rare earth elements are also known to impact the lifetime of the primary fuel loop salt
[5]. Therefore, an appropriate neutronics and fuel cycle tool is needed to calculate changing MSR fuel
composition and reactivity during operation.

Most of the current tools only have partial capabilities. Some model only equilibrium conditions after years
of operation and do not account dynamically for the various phenomena acting on the PFL and the change
in isotopic composition from startup to equilibrium and back to shutdown. These tools

[13, 16, 12, 10,9, 22, 2, 17, 1, 3] are extended versions or sequences of common neutronic and depletion
codes such as SERPENT [15], and ORIGEN. An external object-oriented Python script was written at Oak
Ridge National Laboratory (ORNL) to manage (1) SCALE/TRITON calculations demonstrating the
capability and functionality for MSR transport and (2) depletion calculations using semicontinuous feed
and removals. This tool, ChemTriton, simulated not only equilibrium conditions, but also time-changing
fuel cycle performance by modeling the change in isotopic composition of an irradiated mixture under
changing operating parameters [5]. The outputs and inputs for subsequent calculations were automatically
generated by ChemTriton given a set of input parameters. These capabilities have now been directly
implemented into SCALE, bringing simplicity, faster run-times, accuracy, and truly continuous feed and
removal tracking beyond the feed and removal ORIGEN depletion capabilities that were previously
available. It is important to note that these capabilities focus primarily on simulating and studying the flow
rate of radioactive material throughout the system and do not account for delayed neutron precursor drift
due to its lesser impact on isotopic inventory.

In this work, three reactors were modeled, all of which use different fuel compositions in both the U/Pu and
U/Th fuel cycles: MSRE, the Molten Salt Breeder Reactor (MSBR), and the Molten Salt Demonstration
Reactor (MSDR) [18, 19, 4]. The effort began with four objectives: (1) set a framework for calculating
useful removal rates from design specifications, (2) validate the new SCALE/TRITON capabilities by
modeling gaseous fission product behaviour and calculating the '33Xe poison fraction in the MSRE and
comparing results with those obtained by Kedl [14], (3) study the effect of the OGS efficiency in MSR
operations and k. ¢y (reactivity) in a parametric manner, and (4) develop a set of best practices that
accurately model radioisotope transfer throughout user-defined mixtures. The approach was to study each
system individually and derive an appropriate method for defining effective removal rates based on flows
and mass transfer coefficients. Then, using these effective removal rates and a defined set of representative
mixtures, burnup calculations were performed using TRITON’s new feed/removal capabilities. The
mixtures were defined in a manner that each represent different out-of-core systems like the OGS and the
solid traps. Defining these mixtures allows source term inventory information to be tracked and gathered.
The fuel salt mixture composition was used to calculate the poison fraction with SERPENT?2, a
continuous-energy Monte Carlo code. All calculations were run with SCALE 6.3b4 using the 252-group
ENDEF/B-VII.1 cross section library and SERPENT 2.1.31 [6, 15, 8].



2. MOLTEN SALT REACTOR SYSTEMS

This section briefly describes the three MSR systems simulated/modeled in this work: MSRE, MSBR, and
MSDR. The MSBR and MSDR OGSs are described in the same subsection since they have many
similarities. The fission product removal method is the same for all three reactors and will be described
collectively.

2.1 MOLTEN SALT REACTOR EXPERIMENT

MSRE is a 7.5 MWth liquid-fueled graphite-moderated thermal spectrum MSR (Table 1). The fuel is a
mixture of uranium, lithium, beryllium, and zirconium fluorides operating at approximately 922.03K. The
lower enrichment fuel is 35% enriched uranium while the highly enriched uranium (HEU) fuel is 92%
enriched. While the MSRE includes a variety of subsystems, this work is mainly concerned with the PFL.
and the OGS.

Table 1. MSRE parameters summary [18]

General
Thermal power level 7.5 MW
Operating temperature 922.03 K
Fuel salt flow rate 0.07570824  m3/s
Xenon stripper flow rate 0.00315451 m’/s
Salt flow along shaft to pump bowl  0.000946353  m?/s
Fuel loop circuit time 25.2 s
Graphite
Graphite volume 1.95386 m’
Density 1.82-1.87  g/cm?
Fuel salt
Fuel salt volume 1.996338 m’
Melting temperature 722.039 K
Density at 922K 2.0824 g/cm’

The PFL contains several components, including the reactor, the primary fuel pump, and the heat exchanger
(Figure 1a). The reactor core is mostly filled with graphite moderating slabs which are manufactured and
arranged to form fuel channels through which the fuel salt flows (Figure 1b). The graphite is clad-less and
is in direct and close contact with the fuel salt, so fission product migration can occur.

The molten salt acts as both the fuel and coolant. This means the salt is constantly entering and leaving the
reactor core. First it flows out of the core through the piping until reaching the inlet of the primary fuel
pump. A fraction of the salt flow is diverted and passes through the xenon stripper, which is located at the
pump bowl. The xenon stripper is a toroidal shaped loop with small holes on the wall through which salt is
sprayed into the helium atmosphere. At the pump bowl, a continuous amount of helium gas is introduced,
and due to the chaotic nature of the xenon stripper sprayer, a fraction of helium gas is embedded into the
salt and the PFL. Then the bubbled fuel salt moves towards the heat exchanger and back to the reactor core.
Once the salt is back at the pump, the fission-product—saturated helium bubbles are extracted and
transferred to the OGS. Details about this system, including the heat exchanger and the secondary fuel
loop, can be found in Robertson’s 1965 ORNL report [18].
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graphite slabs arranged to form fuel channels [18].



2.1.1 MSRE Off-Gas System

Since fissile concentration adjustments of the PFL salt are the main reactivity control mechanism, removal
of fission products and their effect on reactivity must be carefully considered. One envisioned characteristic
of future MSRs is the capability to breed fuel. The OGS is one essential auxiliary system designed in part
to help achieve this characteristic in LF-MSRs. The OGS is connected to the PFL mainly through the
primary fuel pump. In LF-MSRs, the OGS has several functions, including: (1) maintaining the salt free of
oxygen, which merits the introduction of helium as a purging gas, (2) removing fission product using
helium or argon as a carrier gas, and (3) adjusting the fissile concentration of the fuel salt.

The MSRE OGS is quite different from the OGSs in the MSBR and the MSDR. While the OGSs in all
three reactors provide a constant introduction of clean helium, the locations of insertion into the PFLs and
the methods vary. In the MSRE, the OGS inserts helium gas directly into the upper part of the pump bowl,
creating a dense helium atmosphere. The fuel salt is then sprayed from the xenon stripper into the
atmosphere. A fraction of the helium is embedded into the fuel salt in the form of bubbles. Gaseous fission
products (e.g., >3 Xe), migrate almost immediately to the interface or the interior of bubbles due to their
high insolubility in molten salt. The bubble void fraction is an important parameter and will depend on the
helium flow rate, the fuel salt flow rate, and the gas-removal rate. In the MSRE, no fraction of salt is
extracted, and furthermore, the helium gas is not recycled. This results in the removal of gaseous
substances with no recycling feeds with clean helium being introduced separately. This makes the MSRE
system easier to model compared to the MSDR or MSBR, in which the cleanup efficiency of different
subsystems in the OGS must be considered. The migration rates to bubbles and graphite and the gas
stripping efficiency are the MSRE’s only limiting factors for fission product removal.

2.1.2 The Krypton Experiment

Once a framework was established to derive effective removal rates, the new feed/removal and tracking
capabilities of SCALE were validated. During the MSRE operations, an experiment was performed to
study the behavior of fission products in the PFL and make preliminary calculations of mass transfer
coeflicients to graphite and to helium bubbles. The Krypton Experiment, which was performed in the
pre-critical MSRE reactor, consisted of inserting specific, controlled amounts of 8 Kr into the PFL for
specified periods of time. Soon after 120 Ci of 83Kr were inserted, the concentration of 3 Kr—a
semi-stable, low absorption cross section isotope—reached an equilibrium point. The krypton flow was
then stopped while normal operations were maintained throughout the loop. During this experiment, the
pump bowl was purged clean of krypton, the salt was stripped, and the graphite was leached. A radiation
counter was placed on the off-gas line to monitor the amount of 8°Kr passing through the pump into the
OGS. Using the gathered data, the competing mechanisms of migration of fission products to graphite
versus migration to bubbles were studied, and mass transfer coefficients were derived. While this proved to
be a difficult task involving some subjective interpretation and uncertainty, the experiment was performed
on the actual MSRE molten salt loop. The coefficients extracted where adjusted and used to calculate the
135Xe poison fraction. Details regarding the experiment and the results obtained can be found in the report
by Kedl and Houtzeel [14]. The 135%e poison fraction (Xe-PF)—which was calculated using the
experimentally derived coefficients and a nominal stripping efficiency of 10%—was 0.56%. Preliminary
measurements made on the critical reactor showed that xenon poisoning should be around 0.3-0.4%.



2.2 MOLTEN SALT BREEDER REACTOR AND MOLTEN SALT DEMONSTRATION
REACTOR

2.2.1 Molten Salt Breeder Reactor

The Molten Salt Breeder Reactor (MSBR) design concept is a 1,000 MWe (2250 MWth) single-fluid MSR
that operates in the Th-U fuel cycle (Table 2). The MSBR’s fuel salt is similar to all reactors discussed
herein, incorporating both fissile and fertile materials in the form of lithium, beryllium, thorium, and
uranium fluorides (FLiBe salt), and it operates at approximately 978 K. This system is designed as a
breeder reactor with a breeding ratio of 1.06. Like previous concepts, long-term reactivity is primarily
controlled by varying the amount of fissile concentration in the fuel salt, but it also incorporates a set of
auxiliary control rods to control reactivity.

Table 2. MSBR parameters summary [19]

General
Thermal power level 2,250 MW
Thermal efficiency 444 %
Breeding ratio 1.06 -
Operating temperature 978 K
Graphite
Density 1.843  g/em’
Fuel salt
Fuel salt in PFL 48.7 m’
Fuel salt in reactor 304 m?
Fuel salt in pump bowl 5.2 m>
Fuel salt in off-gas bypass loop 0.3 m’
Melting temperature 722 K
Density at 978 K 3.288 g/cm’?

The MSBR reactor vessel is similar to that of the MSRE. It is a cylindrical container filled with graphite for
neutron moderation, and to serve as a reflector. The salt flows upwards through the fuel channels formed
from the shape and arrangement of the graphite slabs. The MSBR core fuel channels are cylindrical and
vary in diameter, depending on their radial and axial locations in the core (Figures 2a and 2b). The
MSBR’s PFL contains four heat exchangers and four primary fuel pumps, all of which are placed in the
reactor cell. All four pumps contain a bypass line in which a bubble generator and a gas/liquid separator
are sequentially located. The bubble generator inserts helium bubbles directly into the PFL salt, while the
gas/liquid separator separates both phases for extraction to the OGS. The MSBR also has a secondary salt
cooling circulation system and a steam power system for the turbine-generator. More details on the system
and its operation are available in Robertson’s 1971 conceptual design study [19].

Table 3. MSBR PFL system parameters [19]

Parameter Value Units
Fuel salt mass flow rate 1,665 kg/s
Fuel salt density 3,353.33  kg/m’
Pipe radius 0.0762 m
Pipe cross sectional area  0.0182414 m?
Velocity 27.2193 m/s
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2.2.2 Molten Salt Demonstration Reactor

The Molten Salt Demonstration Reactor (MSDR) is a 750 MWth fluoride-salt fueled thermal reactor
concept (Table 4). It operates in the U/Pu fuel cycle with a 36.6% conversion efficiency. The MSDR is the
most recently developed concept of all three reactors mentioned in this work, leveraging many of the
technological concepts of the MSRE and MSBR.

Table 4. MSDR summary [4]

General
Thermal power level 750 MW
Electric power level 350 MW
Thermal efficiency 36.6 %
Operating temperature 898.15 K
Graphite
Density 1.77666  g/cm’
Graphite mass in reactor 662,436.4 kg
Graphite volume in reactor ~ 372.8544 m?
Fuel salt
Fuel salt mass in reactor 100,802.38 kg
Fuel salt volume in reactor 30.0604 m?

Fuel salt mass in PFL 87,758.976 kg

Fuel salt volume in PFL 43.376,688 m?

Melting temperature 722.039 K
Density at 898K 3.35333 g/cm?

The entire OGS was modified from the MSBR to fit the MSDR, and the fuel processing plant was
discarded. In addition to the OGS design, designs for the chemistry, materials, physics and fuel
reprocessing, etc., were incorporated from the MSBR and the MSRE. The PFL is filled with U/Pu bearing
molten FLiBe salt. It contains the reactor and three heat exchanger loops. Each of the three heat exchanger
loops includes a sump-type centrifugal pump similar to those used in the MSBR. These pumps are used to
remove volatile fission products by sparging the fuel salt with helium bubbles. As mentioned above, the
pump incorporates a bypass line to purge fission gases from the salt. This line is used to extract a fraction
of the fuel salt per pump from the pump outlet and back again into the inlet. A bubble generator and a
gas/liquid separator are placed sequentially along the bypass line.

The reactor is a cylindrical vessel containing a graphite core with three main regions: the core region, the
axial and radial reflectors, and a small inlet and outlet plenum. As in the MSRE and the MSBR, the
graphite slabs are manufactured and assembled in a manner that permits fuel channels to form. A core
graphite cell can be seen in Figure 3. In the radial and axial regions, a small gap is left among slabs to
permit enough fuel salt to flow through and cool the reflectors. The reactor incorporates 6 auxiliary control
rods, but the main reactivity control comes from adjusting the fissile concentration in the fuel salt.

In addition to the PFL, a primary coolant loop extracts heat from the primary fuel salt through all three heat
exchangers. This heat is then transferred to a conventional steam system. Details on the primary coolant
loop and the power cycle balance of the plant, along with information on the decay heat removal system,
are described in Alexander et al. [4] and Betzler et al. [11].
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2.2.3 MSDR and MSBR Off-Gas System

This section provides a more detailed description of the MSBR [19] and MSDR [4] OGSs. The primary
purpose of the OGS is to remove undesirable contaminants from the PFLs, including gaseous and
gas-borne fission products and fission product daughters. The OGS includes several components, as
depicted in the OGS schematic (Figure 4). The OGS system removes contaminants by using helium or
argon as a carrier gas for degassing/sparging the fuel salt.

The process is initiated by injecting helium gas into the PFL at the bubble generator, which is located along
the primary fuel pump’s bypass line. The bypass line diverts approximately 10% of the salt flow per pump.
The bubble generator controls the bubble void fraction, which is defined as the fraction of helium bubbles
in the entire PFL salt. The bypassed salt rejoins the main salt line, and bubbles begin dispersing all
throughout the system. Gaseous fission products that are removed include xenon and krypton isotopes,
tritium, oxygen from fluorine burnup and other noble gases and noble metal fission products. The solid
fission products are removed via a solid trap, while the majority of the gaseous fission products—mainly
xenon and krypton— strongly tend to migrate to other materials, including the graphite porous structure
and the interfaces and interiors of the helium bubbles. In other words, gaseous fission products will form a
true solution in salt, obeying the conventional laws of mass transfer (Henry’s Law). After looping several



times through the PFL, bubbles will head back to the pump through the bypass line, passing the bubble
generator and progressing into the gas/liquid separator, where the fuel salt will be stripped from almost all
gaseous fission products. The gas is redirected to the OGS in a volume ratio of 2:1 salt to gas.

The first subsystem in the OGS is the drain tank, which serves as a holdup tank for the entire primary fuel
salt in case of shutdown or during an emergency procedure that requires draining the entire PFL. In either
of these cases, the MSR PFL would drain via a freeze plug located at the bottom of the reactor core which
leads to the drain tank located directly below. The drain tank is equipped with a NaK cooling system which
removes heat via natural circulation to a water loop. The main function of the drain tank during normal
operations is for residual heat removal and holdup volume for the first stage of fission product removal.
This document only discusses the drain tank’s role in the fission product removal process.

At the drain tank, the diverted gas/salt mixture is separated into a gas and salt phase through buoyant
forces. The salt phase returns directly to the PFL through a pipe which can include several solid particle
traps to remove some solid fission products. The gas is held up for several hours to allow the majority of
135Xe to decay. The time needed varies according to the type of reactor system. For example, the holdup
time in the MSBR specifications is 47 hours to allow 97% of xenon isotopes to decay. In the MSDR, the
necessary holdup time is approximately 4—6 hours.

PURGE FLOW TO PRIMARY SYSTEM —=— ] == OFF-GAS SYSTEM

OTHER PUMPS
1 I oy
| { AccumLATOR |——(—\ sy S CLEANE
| FROM OTHER | Nt TANK 8 MONITOR
SEPARATORS —=— l COMPRESSOR
I
ENTRA INMENT |
[ LONG-DELAY
| Xe HOLDUP
I
|
I 2ctm
Sas |
GENERATOR
I PARTICLE TRAP
(IF REQUIRED)
l 47-Hr Xe 14 ctm
] HOLDUP SYSTEW
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Figure 4. MSBR OGS schematic. [19]

After the holdup period has passed, the radioactive gas goes through one of two redundant particle traps to
remove any solid products. At this point, the gas is assumed to be cleansed of nongaseous components
(noble metals, salt mist, and nongaseous daughters of noble gases) and will consist mainly of krypton and
xenon isotopes and tritium. The gas line coming out of the solid particle traps divides into two branches.
Half of the gas goes directly back to the bubble generators, while the other half goes to the gas cleanup
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system. The gas cleanup system contains two redundant charcoal absorber beds which can be use
alternatively if needed. The charcoal beds are designed to lower the amounts of #Kr and tritium to
negligible levels so the gas can be stored and recycled. At the end of the x90-day period, the cleansed gas
heads to a storage tank, where it is metered back to the bubble generator and pumps for purging and
sparging. The OGS is very involved in the normal operation of these MSRs and must therefore have a high
degree of dependability and redundancy. Not only does the OGS have an impact on breeding potential, but
it also affects the reactivity and lifetime of the fuel salt, as discussed in later sections.
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3. REMOVAL RATES: THEORY AND CALCULATION

This section defines removal rate as the rate at which a particular system or physical phenomenon removes
elements/isotopes from the PFL to an unirradiated mixture. Similarly, feed rates are rates at which a
particular system or phenomenon adds elements/isotopes to the PFL. Additionally, the effective removal
rate is defined as the net rate by which elements/isotopes are added to and/or subtracted from the PFL. This
work assumes that the fuel and fission products are homogeneously distributed throughout the PFL (the
well-stirred pot model). For example, in the MSDR, the molten salt flow rate/velocity is high enough that
the fuel makes approximately 1.16 loops per second.

To correctly set a framework for extracting the effective removal rate, the modeling capabilities must be
understood so that usable values can be derived. ORIGEN solves a set of ordinary differential equations
(ODEs) capturing nuclide generation, depletion, and decay, as shown in Eq. (1):

dN
Z(lu/l + fijo j@N (1) = (Ai + Aiyem + Ti)Ni(1) + S (D), ey

J#EL

where:
N; is the amount of nuclide i (atoms),
A; is the decay constant of nuclide i (s™1),
Airem 18 the removal constant defining the continuous removal of nuclide i (s™hH
l;j is the fractional yield of nuclide i from decay of nuclide j,
o is the spectrum-averaged removal cross section for nuclide i (barn),
fij is the fractional yield of nuclide i from neutron-induced removal of nuclide j,
¢ is the angle- and energy-integrated, time-dependent neutron flux (neutrons/cm?-s), and
S'; is the time-dependent source/feed term (atoms/s).

The ability to remove/feed and track different mixtures results in adding a term to the set of ODEs shown in
Eq. (2), which—for unirradiated waste materials/mixtures—simply becomes Eq. (3).

dN Z:(lt]/l + ﬁjo—j‘ﬁ)N (t) [/1 + Z Ai Jjk.orem t O—z ]N(t) + Z 4i Jjk, recN](t) + Z Ai jkN](t) +5; (t)
J#L
2)
dN
Z 4 Ljk, remN (t) Ai + Z Ai Jkjrec Ni (t) (3)
where
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Ai jk,rem 18 the removal constant defining continuous removal of nuclide i from irradiated material j to
waste stream £,

Aj jk rec 18 the recovery constant defining the continuous recovery of nuclide i from waste stream j
back into irradiated material k, and

Nl.j (1) is the concentration of nuclide i in waste stream or irradiated material j.

An arbitrary number of mixtures can now be defined, along with their conditions (irradiated or decay only),
and the feeds and removals between those mixtures. Due to the nature of the ODEs, these feeds and
removals are defined as an additional decay constant (A; ji rem)- Ai,jk,rem Must account for any removal
mechanisms or phenomena acting on the irradiated material. This is similar to the standard preprocessing
block in ORIGEN, except that by being able to define system-representative mixtures, information about
the material that is fed or removed is no longer lost but is instead tracked, including data on inventory and
composition. A detailed explanation of how these new capabilities were implemented can be found in
Betzler [5].

In TRITON, the MSR system is modeled as a single molten salt reactor box (see Figure 5). This reactor
box contains the salt in the primary fuel pumps, all primary fuel pipes, and all heat exchangers. The OGS
will remove material from this mixture at a constant rate (4; j ). Although feeding capabilities are
available, they will not be used in this work. Instead, feeding phenomena will be taken into account by
defining the effective removal rate. In MSRs, the material being constantly removed includes a variety of
gaseous fission products and some solid fission products. In order to extract the removal rate that
accurately captures this transport, the phenomena and systems acting on the fission products must be
understood as they go from creation in the salt into the helium and throughout the cleanup systems.

Drain Tank &
Charcoal
Beds

Primary Fuel Loop
(Well-Mixed Model)
Reactor
Heat Exchangers
Piping & Pumps

- /

Helium
Cleanup
System

Figure 5. TRITON scheme model of an MSR.

The stripping efficiency is defined as the efficiency at which helium gas captures/absorbs gaseous fission
products. In the MSRE Krypton Experiment, it was found that having the right graphite coating
permeability and a bubble void fraction of 0.5% resulted in 95% of fission products (mainly xenon) being
stripped by the helium bubbles. Increasing the bubble void fraction to 1.0% resulted in stripping
efficiencies of 99% [14]. Based on these results, it is assumed that all fission products will be available for
extraction from the PFL.
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For both the MSBR and the MSDR, approximately 10% of the fuel salt is bypassed, passing first through
the bubble generator and then the gas/liquid separator. The separator efficiency limits the amount of fission
products that can be extracted from the PFL. This is important since small differences in the separator
efficiency will have a significant impact on the xenon poison fraction and consequently in reactivity. In the
MSRE, the separator is only a gas extractor acting on the upper section of the pump bowl away from the
fuel salt. For both the MSDR and the MSBR, a small fraction of salt is also sent to the drain tank. The
removed gas/salt mixture will go through different cleansing processes. This will return a partially
contaminated gas to the PFL, as well as clean helium (Figure 4). As mentioned above, any feed processes
can be accounted for in the removal rates by including a correction factor.

3.1 FISSION PRODUCT SOURCES AND SINKS

Based on knowledge of the subsystems that compose the OGS, a framework can be established for deriving
the removal rates from design specifications. This requires analysis of the fission product sources and
potential sinks (including cleaning processes) throughout the system. For demonstration and simplicity, the
following discussion focuses on !33Xe, but the process works the same way for other gaseous fission
products, and with slight modifications, it also applies to solid fission products.

The number of a specific isotope N; in the salt is given by TRITON at any point in time during the
transport/depletion calculations. The removal rate is simply defined as R = A; jx rem/V;. All rates are given in
units of number per unit time (s~!). By conservation of mass, the generation rate of each isotope should
equal the sum of all removal mechanisms. First, both the sources and sink terms for !33Xe are defined:

Generation Rate = Decay Rate in Loop + Burnup Rate in Loop + Removal Rate @)

3.1.1 Xenon Sources

There are mainly two source terms for 13Xe: fission and '*°I decay. These source terms are handled by
TRITON in both the fuel salt and out-of-core mixtures. Given that the whole primary fuel salt is being
burned inside the simulation as a single salt volume (i.e., the reactor box model), it is important to address
the fact that only the fraction of the salt passing through the core actually gets irradiated. This issue can be
addressed by implementing a correction factor in one of two ways. The reaction rate is a function of flux
(¢) and macroscopic cross section (X). The latter is a function of number density (N)and microscopic cross
section (o). The generation of '33Xe is given by the reaction rate multiplied by the fission yield (V). Since
the model would overestimate generation rates, a correction factor (y) can be introduced which can take the
form of a number density correction constant as shown in Eq. (5). Alternatively, in TRITON, this must be
represented as an additional sink which would remove products that should not have been generated in the
first place, as shown in Eq. (6). These products would be removed at a constant rate. The MSBR and
MSDR fuel salt flow rates are high enough that their cycle loop times are >1. It can be assumed that every
atom/volume passes through the core at least once per second. This translates to lowering the specific
power since we now account for more salt being irradiated than that in the core.
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Reaction Rate =y * VX % ¢ o)

Acorrection = (1 - 7) (6)
Correction Removal = Acoprection * Nx @)

¢ Xenon from Fission. The '3>Xe production rate from fission is given by its independent fission
yield, which is approximately 0.00178 for thermal neutrons in 23U [8]. This is time dependent based
on fissile material inventory.

¢ Xenon from Iodine Decay. The greatest source of '3°Xe is iodine decay. The yield for '3°1 per
fission is approximately 0.0293, which decays with a half life of 6.58 h. Additionally, !*>Te, which
has a fission yield of 0.0322, will also contribute to the '3 Xe concentration by decaying into 13°T
with a half life of %19 s.

3.1.2 Xenon Sinks

For all reactors, a well-mixed pot reactor model is assumed, meaning that fission products are considered to
be distributed homogeneously throughout the system. Only isotopes with half lives shorter than 1.16 s (or
25 s for the MSRE) should receive more detailed consideration when calculating isotope-specific removal
constants.

¢ Xenon Burnup and Decay. A fraction of xenon will be continuously removed (i.e., burned) due to
its high absorption cross section (n,y reaction). Since a well-mixed-pot model is being assumed, in
TRITON, burnup is corrected for by lowering the specific power transforming the model from a core
phenomenon into a loop phenomenon. Xenon will decay everywhere throughout the PFL. This
should be be considered when studying neutron precursor drift and performing safety analysis, but
the focus in this work is on material transport from the PFL to out-of-core systems. This !33Xe sink
is simply the decay constant (Apecqy)-

¢ Xenon Stripper Efficiency. The stripping efficiency, defined as the percentage of fission products
migrated from the salt to the bubbles in the primary fuel loop, depends mostly in two transfer
phenomena:

— Xenon Migration to Graphite. The graphite slabs in the core act as a concentrating point for
insoluble (and some soluble) fission products, mainly xenons and kryptons. The rate of
migration will be a function of the mass transfer coefficient from salt to graphite, which is a
strong function of coating permeability and density. The fraction of fission products absorbed
in graphite will not be available for removal unless enough fission products are removed from
the PFL to cause a shift in equilibrium. If no fission products are being generated but the OGS
keeps operating by inserting bubbles and extracting the gaseous phase, then any trapped fission
products will eventually be leached from graphite.

— Xenon Migration to Bubbles. Gaseous fission products like '3>Xe are highly insoluble in
molten salt and will show a strong tendency to migrate to the interface and interiors of the
bubbles. The migration rate depends on the mass transfer coefficient from salt to bubbles,
which in turn depends on bubble size, surface area, and fission product concentration at the
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interface. Relative low bubble void fractions are known to be capable of achieving high fission
product capture. If high enough, graphite will be leached continuously, preventing fission
products from being retained in the core. Steady-state calculations assume that the flux to
bubbles is equivalent to the stripping rate, which will depend on the stripping efficiency.

Migration to graphite and migration to bubbles are the most important mechanisms for achieving a
low poison fraction core. This work assumes that the bubble void fraction in all three reactor
concepts is high enough that all gaseous fission products generated will immediately migrate to the
interior of the bubbles and will therefore immediately leach graphite. The stripping efficiency
nominal value, S, will therefore be 99.99%.

The following section describes each source and sink mathematically, and isotopic removal rates are
calculated. Xenon-135 and the MSDR are used as the example throughout the following subsections.

3.2 GENERATION RATE

The MSDR is a 750 MWth thermal reactor. The fission rate is simply given by the thermal power and the
energy released per fission. The xenon generation rate is the fission rate multiplied by the fission yield (V).

MeV 1
Fission Rate = (750 MWth) (6.242 108 v ) (200 eV ﬁssion) )
Fission Rate = 2.34075 - 10" fissions/second )
135Xe Gen. Rate = V - Fission Rate (10)
135Xe Gen. Rate = (0.06328 Xe/fission) - (2.34075 - 10"fission/s) (11)
135Xe Gen. Rate = 1.4812266 - 10'® Xe atoms/sec (12)

3.3 DECAY RATE IN PRIMARY FUEL LOOP

The decay rate (D) in the primary fuel loop is a function of the decay constant, the volume of salt in the
primary fuel loop (Vs), and the concentration of 135Xe in the salt (C?e), which is given in units of m=3.

In(2
D= ”t( )y . cXe (13)

1

2
D = Agecay * Vs - C3 (14)

In(2) X
= B9y, cXe 1

20045 /5 CS (15
D =2.106574-107°/s - Vs - Cx° (16)

This can be simplified further to become
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D= /ldecay * Niotal (17)

D =2.106574 - 10‘5/s - Niotal (18)
Adecay = 2.106574 - 10‘5/5, (19)
since
Ntotal
Cse = == 20
s Ve (20)

The half life of '33Xe is well above the fuel loop cycle time. While this important for safety and activation
analysis, the decay rate in the PFL can be considered negligible for long equilibrium burnup calculations
due to the well-mixed model approximation.

3.4 BURNUP RATE IN SALT

The burnup rate and depletion calculations are performed by TRITON. This work uses NEWT, a
2D-deterministic transport code, coupled with ORIGEN. The specific power was lowered assuming a fast
enough cycle loop time. The fuel salt volume used to calculate the specific power is that of the entire loop,
while the reactor power is kept constant, as shown in Eq. (21).

Thermal P
Burnup Rate in Salt [MW/MTHM] = erma; Fower 1)
Heavy Metal Density * PFL Salt Volume

3.5 STRIPPING RATE AND GAS/LIQUID SEPARATOR EXTRACTION RATE

Since all fission products in the PFL are available for extraction, the next limiting factor becomes the
gas/liquid separator system. The efficiency depends purely on the equipment used. In the MSRE case, there
is no separator, so the gas/liquid separator efficiency is 100%, and the nominal value for stripping efficiency
used was 10%, although preliminary reports indicate that the value is actually upwards of 50%. For the
MSBR and MSDR, the gas/liquid separator acts on the bypassed line salt. Flow rates through the bypass
line and other relevant information can be seen in Table 5.

The extraction rate is expressed as a function of the salt flow rate through the gas/liquid separator (Q;,), the
stripping efficiency (), the gas/liquid separator’s efficiency (G), the number of pump bypass lines (L), and
the concentration of '33Xe in the salt.
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Table 5. MSRs flow rates through the bypass line.
MSDR [4] MSRE‘[18] MSBR[19] Units

Bypass flow rate 0.054749602  0.00410086 0.099982744  m’/s
Salt fraction extracted to drain tank 1 - 1 %
Substance removal efficiency” 100 100 100 %
Substances separated G-FP/S-FP G-FP G-FP/S-FP -

@The flow rate represents that calculated at the xenon stripper toroidal loop. The flow was
never directly measured. Estimates indicate a flow of approximately 0.003153 m3/s (with an
additional 0.000946353 m?/s flow behind the impeller).

®)This applies to long-lived isotopes. Short-lived isotopes are addressed in the text of the
document.

Extraction Rate = Q;,- S -G - L- Cf (22)

Ny
Extraction Rate = Q,, - S - G - L- =24 (23)

S

m? Niotal
Extraction Rate = 0.0547496— -99% - 10% -3 - ——— 24)
S 41.31242 m3

Extraction Rate = 0.000393601/s - Nyl 25)
AExtraction = 0.000393601/s (26)

In the MSBR and MSDR systems, not only gas is extracted, but also a small fraction of molten salt. It is
assumed that any gaseous fission products remaining in the small fraction of diverted salt will be stripped.
In both of these reactors, the gas is treated for radioactive element removal. The OGS is assumed to be
efficient enough to remove all fission products except for long lived isotopes. Long lived isotopes are only
completely removed in the portion of the gas that heads to the cleanup system. Overall, the OGS in the
MSDR is said to have an efficiency of 50%, and the OGS in the MSBR is said to have an efficiency of 70%
(based on the branching ratios). For the MSRE, all the bypassed products do not return to the PFL, so the
OGS will be 100% efficient in removing fission products.

3.6 EFFECTIVE REMOVAL RATE

All items needed to calculate the effective removal rate for each system have now been defined.

Effective Removal Rate (1.7r) = Decay Rate in Loop + Extraction Rate + Correction Factor* 27

The correction factor is optional. If the specific power is lowered, then this factor should not be included.
The effective removal rate can be represented either in terms of concentration:
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3
sy - CX¢ = (8702767 - 10—4’"T . CXe

+

3
0.005475’"T

3
Aoy - CXe = 0.017295156% .CXe,

or, more appropriately for TRITON, in terms of numbers:

Aeff - Nxe = [2.1065742 - 107 /s - Ny, | + [1.32526 % 107 /5 - N, - # of Loops|
/leff . Nxe = 0.00041864/S . Nxe

Aepr = 0.00041864/s.

- CX - # of Loops

(28)

(29)

(30)

D
(32)

The calculation remains the same for all fission products. The only terms that may vary are the decay rate
in the loop and the efficiency of the OGS in isotope-dependent cases. Removal rates using nominal values
for the three MSRs are given in Table 6.

Table 6. Removal constant calculation per reactor design

MSDR MSRE MSBR Units
Volume (PFL) 41312 1.996 40.096 m’
Density 3379.02 2146.47 3283.90 kg/m?
Number of PFLs 3 1 4 -
Gas separator efficiency 0.1 0.1 0.1 %

Removal constant

3.97577x10*

2.05419x10™*

9.97417x10~*

N

-1
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4. METHODS AND MODELING TOOLS

ORIGEN solves a set of ODEs, where the fluxes and cross sections are provided by a transport calculation.
This work used the NEWT code, a 2D multigroup discrete-ordinates radiation transport computer code,
coupled with ORIGEN. The coupling is handled by the TRITON sequence.

The unit cell approach was used, which saves calculation time while providing an accurate spectrum within
the fuel for depletion calculations [5]. For all unit cells, a 30 x 30 mesh was defined, and reflective
boundary conditions were used. Models for three different MSR designs were created in SCALE-6.3.4b
and SERPENT2—MSDR, MSBR, MSRE (Figure 6). For the MSDR, the full-core model was developed in
SERPENT? to validate the unit cell approximation (Figure 7). The MSBR and MSRE were validated in a
previous report [21]. The same 252 energy group was used in both SCALE and SERPENT?2. All reactors
have thermal spectra, but they use different fuel compositions (Table 8). The initial loading of fuel in all
three reactors’ unit cells results in a supercritical configuration. For validation purposes, fuel was only
burned, and no feeds where defined.

Figure 6. Unit cell model representations for the MSDR, MSBR, and MSRE (left to right) in SCALE.

In the TRITON input, three mixtures where defined for all cases.

e Mixture 1 contains the reactor box materials. Initially, this consists on the fresh fuel salt mixture.
This mixture is set to be constantly depleted (irradiated), and if it is defined, then it is fed with fissile
and fertile material.

e Mixture 2 represents the OGS. In TRITON, the derived removal constants are set to feed material
from Mixture 1 to Mixture 2. The elements specified for removal in this work are mostly gaseous
fission products.

e Mixture 3 includes solid fission products, including noble metals, which are fed from Mixture 1 to
Mixture 3.

Table 7. Fission product elements removed

Processing group Elements
Gaseous fission products Xe, Kr, Ar, He, N, O
Noble metals Se, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Sb, Te
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Figure 7. SERPENT2 MSDR core geometry.

Table 8. Fuel compositions used in reactor simulations

Composition MSRE 35% MSRE HEU MSBR MSDR
mole %

LiF 65.0 66.8 71.7 67.0

BeF, 29.1 29.0 16.0 23.0

ZrF, 5.0 4.0 0.0 0.0

ThF,4 0.0 0.0 12.0 10.0

UF, 0.9 0.2 3.0 0.0

Enrichment 35.0 92.0 99.9 93.0

Specific power MW/MTHM) 32.16 139.06 38.40 6.19
Density (g/cm?) 2.14647 2.0824 3.288 4.710
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S. VALIDATING TRITON WITH THE MSRE AND APPLICATION TO THE MSBR AND THE
MSDR

During the operation of the MSRE, calculations performed on the pre-critical system hinted at a poison
fraction ranging from 0.3-0.4%. Computational models created to calculate the poison fraction in the
system using experimental data resulted in a poison fraction of 0.56%, which is referred to herein as the
target poison fraction [14]. The removal constant used in the present calculations for the MSRE can be
found in Table 6. This removal constant is the pre-decay removal constant. For each isotope, the respective
decay constant must be summed to obtain the effective removal constant. For example, for '3Xe the
effective removal constant is as follows:

Apre-efs = 0.000205419/s + Agecay (33)
Aeps = 0.000226336/s (34)

Recall that the effective removal constants are obtained using a 10% stripping efficiency. SCALE inputs
were prepared using the fuel composition in Table 8 and a unit cell geometry. The fuel was burned for 730
days in accordance with calculations performed by Kedl [14]. The flux spectrum of the MSRE unit cell in
both SCALE and SERPENT can be seen in Figure 8. The spectra for the MSBR and MSDR are found in
Figure A-1 of Appendix A and Figure B-1 of Appendix B, respectively.

MSRE Flux Distribution

1.0 A A —— Unit Cell (SCALE)

—— Pin (SERPENT)

0.8 A

0.6 1

0.4

0.2 1

0.0 1

Energy Integrated Neutron Flux (a.u.)

10710 10-¢ 10 10-4 102 100
Energy (MeV)

Figure 8. MSRE flux spectrum from SCALE and SERPENT?2.
After performing the burnup calculations in TRITON using the new continuous removing and tracking

capabilities, the final composition was used as the fuel composition input in SERPENT2. Detector
response functions for 13Xe and 23U were defined to calculate the poison fraction (>**U in the MSDR
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case). The poison fraction is defined as the ratio of neutrons absorbed in '33Xe to the neutrons absorbed in
fissile isotope—in this case, 23U, as shown in Eq. (35).

Xe—135

a;ot
U-235
a;ot

135Xe poison fraction = (35)

It was found that at 10% off-gas efficiency, the obtained poison fraction was 0.00602 (approximately 7%
off the target poison fraction). While 7% is a considerable deviation, a variety of factors justify this result.
In the calculation performed by Kedl, several fundamental parameters were outdated. For instance, the
decay constants employed for several key isotopes were different, therefore introducing uncertainties up to
1.5% (Table 9). This is considerable, especially since it has a direct effect on the amount of '3>Xe available
at a specific time. Additionally, different fission yields where used on their calculations, therefore adding to
the overall error (Table 10).

Table 9. Half-life data used in computations
Half- life (hours) ¢,

Isotope Kedl [14]  Present Deviation
357 6.68 6.58 0.0151976
135Xe 9.15 9.14 0.0010941

Table 10. Fission yield data used in computations

Fission yield
Kedl [14] Present

35Xe 0.003 0.0018 0.6666
135T 4+ 135Te 0.061 0.0615  0.00813

Isotope Deviation

Moreover, the analytical model used by Kedl [14] performed calculations by dividing the reactor core into
different subsections which carry different importance weights depending on the zone/region of nuclear
importance. The calculations relied on parameters derived from the Krypton Experiment, many of which
were subject to some subjective interpretation (e.g., mass transfer coefficients). While both calculations
were performed with a nominal stripping efficiency of 10%, the authors gave preliminary information
regarding the real value being upwards of 10% towards 50% to 100%. Moreover, pre-calculations in the
critical reactor pointed at poison fractions of approximately 0.3-0.4%, which is well within the range
between 10-12% stripping efficiency, hereby calculated (Table 11). Considering the assumptions made and
deviation in experimental nuclear data, it can be said that TRITON is accurately representing the noble gas
and metal removal process in the off gas system.
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6. PARAMETRIC STUDIES

This section discusses the results of two parametric studies. First, the effect of the gas/liquid separator
efficiency on the '3 Xe poison fraction, reactivity, and ultimately the lifetime of the fuel salt was analyzed.
Then the appropriate number of burnup steps and days was determined to develop a set of best practices
that more accurately capture the change in composition over time in all mixtures.

6.1 GAS/LIQUID SEPARATOR EFFICIENCY

The poison fraction was investigated further at higher separator efficiencies. It is known that this efficiency
is greater than 50%. A parametric study was undertaken by varying this efficiency from 0 to 100% while
keeping all other parameters fixed. After the burnup calculations, the poison fraction was recalculated for
each case in SERPENT?2. The results are listed in Table 11 and depicted in Figure 9.

Table 11. MSRE 3*Xe poison fraction at different OGS efficiencies

OGS efficiency **Xe poison fraction

0.05 0.01015
0.10 0.006027
0.12 0.005176
0.15 0.004286
0.20 0.003324
0.40 0.001754
0.60 0.00119
0.80 0.000901
1.00 0.000724

Off-gas Efficiency Impact on Poison Fraction

—— Poison Fraction
0.030 A

0.025 A

0.020 A

0.015 -

0.010 A

Xe-135 Poison Fraction

0.005 A

0.000 -
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Figure 9. MSRE '33Xe poison fraction as a function of OGS efficiency.
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As expected and shown in Figure 9, the OGS efficiency has a significant, exponential impact on the '*3Xe
poison fraction. Notice that at 100% efficiency, the poison fraction is not zero, since there will always be a
fraction of xenon in the core due to constant generation. The lower poison fractions are attributed to higher
135Xe concentration in the OGS (Figure 10b) and therefore lower concentrations in the PFL (Figure 10a).
The results for the MSBR can be found in Table A-1 and Figure A-2 of Appendix A. Additionally, see
Table B-1 and Figure B-2 in Appendix B for the results of the MSDR.

Another way to assess the accuracy of TRITON’s results is by analyzing the equilibrium concentration in
the PFL and OGS. This is easily done by extracting the information from Mixture 2. In the PFL, the
equilibrium is seen to decrease as the OGS efficiency increases. Similar behavior can be seen for the
MSBR (Figure A-5a and A-5b of Appendix A) and the MSDR (Figure B-5a and B-5b of Appendix B).
These equilibrium concentrations are dependent on each other.

To further analyze the behavior and transportation of isotopes in TRITON, concentrations in the fuel salt
can be compared to concentrations in the OGS, ensuring heuristically the correct masses are being
transferred. At equilibrium, the change of concentration can be set as a function of time to zero to solve for
the generation rate. For any isotope in Mixture 1:

dN;

o = 0 = Generation — Removal (36)
0 =G —AeprNy 37
Gy = AefrNy, (38)
(39
and for Mixture 2:

dN.
d_t2 = Removal 40)
Ny = AeppNit 41

N
Np=— (42)
Ao ffl

G2 = AeprN1, (43)
(44)

where G| = G;. This demonstrates that SCALE is correctly modeling fission product removal for various
important fission products. There are some limitations for modeling certain solid fission products, which
are discussed in later sections.

6.2 REACTIVITY AND K-EIGENVALUE

No feeds of fertile or fissile material were defined in this work. This allowed for the study of some
behaviors and improvements that arise from having a variety of fission products removed from the PFL. As

25



seen in the previous section, the OGS has a significant impact on the concentration of '3>Xe in the PFL. It
should be expected to have higher fuel salt lifetimes (higher operation periods), higher fuel utilization, and
lower fuel consumption. In terms of nuclear reactor physics parameters, this translates to ki,s decreasing at
a lower rate with increasing OGS efficiency. Breeding potential also should increase. The OGS removal
efficiency effect in k¢ for the MSRE is depicted in Figure 11. As expected, with higher OGS efficiencies,
kins decreases less rapidly. Again, this is because high absorbent isotopes are being removed constantly
(e.g., '¥Xe). While the difference in ki,r among OGS operating cases might not be noticeable, there is a
notable effect on reactivity and on the lifetime extension of the fuel salt. This is important from a fuel
utilization perspective and from a safety standpoint.

Figure 12a shows that while changes in efficiency might have an impact on the system’s reactivity, it
appears to be negligible (maximum 100 pcm). On the other hand, if the OGS stops operating completely,
then there can be insertions of up to 350 pcm (Figure 12b). For larger reactor systems like the MSDR or the
MSBR, the effect is more noticeable. For the MSBR, the insertion is more pronounced in both cases: 450
pcm among operating parameters and ~1,785 pcm in the case of complete shutdown of the OGS (see
Figure A-4a and A-4b of Appendix A). For the MSDR, there is a negligible #85 pcm maximum insertion
among operating parameters, but there is a 450 pcm insertion in scenarios of OGS failure (see Figure B-4a
and B-4b of Appendix B). The higher reactivity insertions that are possible in both the MSBR and the
MSDR are due to the higher fuel salt inventory, as these systems are larger. This demonstrates the
importance of having a reliable OGS.

In terms of fuel utilization and fuel salt lifetime, the OGS provides valuable benefits in all three systems.
Extraction of neutron absorbent isotopes allows for an increase capture fraction in fissile and fertile
material. Preliminary calculations show that the fuel salt lifetime is extended by 10.73% (approximately
64.44 days), 2.60% (approximately 15 days) and 7.46% (approximately 42 days) for the MSRE, MSBR
and MSDR, respectively, by just having a nominal OGS efficiency of 10%. The MSRE is seen to reach
equilibrium starting at an OGS efficiency of 40%. As for the MSBR and MSDR, the equilibriums start at
an OGS efficiency of 20%. These values are conservative, since in reality the efficiencies are known to be
even higher. Full results for the operating parameter space are shown in Table 12 through 14 and are
depicted in Figure 13. Not only does the OGS bring benefits in terms of neutron economy, but it also
benefits plant economy, as it allows more energy to be extracted for the same amount of fuel.

Table 12. MSRE fuel lifetime improvement as a function of OGS efficiencies

OGS efficiency Fuel salt lifetime improvement

0.00 0.0000
0.05 0.0640
0.10 0.1073
0.12 0.1163
0.15 0.1260
0.20 0.1365
0.40 0.1538
0.60 0.1600
0.80 0.1632
1.00 0.1651
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Table 13. MSBR fuel lifetime improvement as a function of OGS efficiencies

OGS efficiency Fuel salt lifetime improvement

0.00 0.0000
0.05 0.0133
0.10 0.0267
0.12 0.0293
0.15 0.0320
0.20 0.0349
0.40 0.0395
0.60 0.0411
0.80 0.0420
1.00 0.0425

Table 14. MSDR fuel lifetime improvement as a function of OGS efficiencies

OGS efficiency Fuel salt lifetime improvement

0.00 0.0000
0.05 0.0601
0.10 0.0746
0.12 0.0773
0.15 0.0801
0.20 0.0830
0.40 0.0876
0.60 0.0892
0.80 0.0901
1.00 0.0905
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Figure 10. MSRE 3Xe concentration (a) in the OGS and (b) in the PFL.
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Figure 11. MSRE %, as a function of OGS efficiency.
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Off-gas Efficiency Impact on Reactivity
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Figure 13. MSR fuel lifetime enhancement as a function of OGS efficiency.
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7. CONCLUSION

This work demonstrates the new feed and removal SCALE/TRITON capabilities by modeling three MSR
systems and simulating their respective online feed and removal processes. This new tool has been
successfully verified and validated using data from the MSRE Krypton Experiment. The analytical model
derived by Kedl [14] calculated a '3>Xe poison fraction of 0.56%. This provided a target poison fraction for
the present model for comparison. After running burnup calculations, the new model predicted a 133Xe
poison fraction of 0.60%, which corresponds to a *7% deviation from the Kedl’s models. Considering the
uncertainties that arose during the experiment and derivation of the mass transfer coeflicients, as well as the
use of different fundamental isotopic data (including different fission yields, decay constants, and therefore
generation rates), this work provides confidence that the mismatch in calculated poison fractions can be
attributed to these issues rather than a modeling error in reactor operations and online processing
phenomena. Furthermore, transport of radionuclides were corroborated with heuristic models that confirm
TRITON’s results. Preliminary calculations regarding the MSRE suggested a poison fraction of
~0.3-0.4%, which is well within the range of calculated poison fractions for the *x10-12% OGS efficiency
cases. In any case, the values calculated herein are conservative since the actual stripping efficiency is
known to be greater than 50%. The parametric studies revealed that careful consideration must be taken
when designing the OGSs due to their impact on system reactivity. This means that systems must be
designed to reliably address all steps of removal, storage, transportation, and disposal. The OGS also
provides benefits by allowing higher breeding ratios, longer fuel salt lifetime, and therefore higher
utilization of fuel resources, obtaining more energy from the same initial fuel amount. Future work
includes modeling different complex systems independently as different mixtures with different removal
and feed rates to validate the well-mixed salt model. Future efforts also includes benchmarking to other
MSR tools. Furthermore, testing the new capabilities in two-fluid systems and time-dependent removal
rates could provide useful insights into future MSR operating scenarios.
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APPENDIX A. MODELING AND SIMULATION RESULTS FOR THE MSBR
Molten Salt Breeder Reactor

This section presents some results for the MSBR using the same methodology developed for the MSRE.
This section provides a brief overview of the results obtained for the MSBR case. As in previous sections,
this analysis begins with validation of the unit cell models. The full core spectrum comparison is presented
above and is not repeated here. The flux spectrum from the unit cell in SCALE and in SERPENT?2 are
compared in Figure B-1. It can be observed that both distributions match adequately.

MSBR Flux Distribution
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Figure A-1. MSBR SCALE and SERPENT?2 flux spectrum comparison.
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The '33Xe poison fraction behaves exponentially as a function of the OGS efficiency as expected (Figure
A-2). A more detailed explanation is available in the main body of this document. The values for the
poison fraction at different efficiencies are given in Table A-1. The MSBR results differ significantly from
those obtained by Kedl [14] and for the MSRE and MSDR [19]. These discrepancies are likely due to the
approximations and assumptions made regarding reactor core geometry. The MSBR core design is more
complex than the other two systems. While the molten salt fuel channels are cylindrical in all three designs,
the diameter varies, depending on their location in the axial and radial direction of the core. This variation
results in some inaccuracies and biases that might require correction, especially in the unit cell model
approximation.

The reactivity, k. 7y, is impacted by a variety of high absorption cross section elements, including some
isotopes of xenon, gadolinium, samarium, and cadmium, among others. This study included a parametric
study to quantify the effect of xenon removal on the reactivity value. A high-level plot of the OGS
efficiency’s impact on k. sy reveals that there is a significant impact (Figure A-3). This has implications in
terms of reactivity and lifetime of the fuel salt.

The reactivity insertions among OGS efficiencies were calculated in two scenarios: (1) among operating
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Table A-1. MSBR poison fraction at different OGS efficiencies

OGS efficiency Xenon poison fraction

0.05
0.10
0.12
0.15
0.20
0.40
0.60
0.80
1.00

0.10611
0.06077
0.05195
0.00428
0.03281
0.01705
0.01152
0.00872
0.00698
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Figure A-2. MSBR poison fraction as a function of OGS efficiency.

0.8

1.0

parameters taking 5% as the baseline, and (2) in the case of OGS shutdown. It was found that the impact
among OGS efficiencies is significant in certain reactor models and operating conditions. For variation in
operating conditions, the reactivity insertions reach a maximum of about ~500 pcm in the worst case
scenario. In the case of OGS shutdown, preliminary calculations indicate that reactivities up to 1,700 pcm
can occur. The concentration of '3>Xe can be seen to vary with OGS efficiency in both the PFL and the
OGS in Figures A-5a and A-5b, respectively. In terms of fuel utilization and fuel salt lifetime due to the
extraction of neutron absorbent isotopes, the OGS allows a 2.6% (=15 days) extension using a nominal
efficiency of 10%. The equilibrium is seen to be reached at around 20% OGS efficiency. This results in

higher fuel utilization.
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Figure A-3. K¢ as a function of OGS efficiency in the MSBR.



Off-gas Efficiency Impact on Reactivity
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Figure A-4. OGS efficiency impact on reactivity while in (a) operation and (b) turned on/off.
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Figure A-5. 13Xe concentration in (a) the OGS and (b) in the PFL.
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APPENDIX B. MODELING AND SIMULATION RESULTS FOR THE MSDR

This section presents results for the MSDR using the same methodology that was used for the MSRE, so
some explanations repeat what was provided in the main text. These results provide a brief explanation for
the MSDR case. To validate the unit cell model for the MSDR, the flux spectrum from the unit cell and the
full core model were compared (Figure B-1). The flux spectrum for the MSDR core is seen to divert at high
energies due to the difference in graphite mass between the full core model and the unit cell which impacts
the neutron detector counts.
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Figure B-1. MSDR SCALE and SERPENT?2 flux spectrum comparison.

The poison fraction as a function of the OGS efficiency behaves as expected. The efficiency has an almost
exponential impact on the '3 Xe poison fraction (Figure B-2). The body of this document provides a
detailed explanation. The values for the poison fraction at different efficiencies are given in Table B-1. The
MSDR design contains three PFLs, all of which have primary fuel pump bypass lines and higher flow rates.
This allows the MSDR concept to achieve lower poison fractions at the same nominal gas/separator
efficiency (=10%). This is an improvement to the MSRE design.
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Table B-1. MSDR poison fraction at different OGS efficiencies

OGS efficiency Xenon poison fraction

0.05
0.10
0.12
0.15
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Figure B-2. MSDR poison fraction as a function of OGS efficiency.
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The reactivity eigenvalue is affected by a variety of high absorbing fission products. This study quantified
the effect of xenon removal by means of the OGS on the reactivity value. A high-level picture of the OGS
efficiency’s impact on reactivity (Figure B-3) shows a significant impact.

While it is not apparent at first, the impact among OGS efficiencies is significant in some reactor models
and under some operating conditions. In the case of the MSDR, reactivity can vary up to <500 pcm if the
OGS suddenly goes offline. For operating condition variations, this effect is less pronounced, reaching
~100 pcm in the worst-case scenario. The concentration of '3>Xe can be seen to vary with OGS efficiency
in both the PFL and the OGS in Figures B-5a and B-5b, respectively. In terms of fuel utilization and
lifetime, the OGS at a nominal efficiency of 10%, allows for a 7.46% (approximately 42 days) extension.
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Off-gas Efficiency Impact on K-inf
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Off-gas Efficiency Impact on Reactivity
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Figure B-4. OGS efficiency impact on reactivity while in (a) operation and (b) turned on/off.
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